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The morphology of compressive In,Ga, -xAs/Ine,,Als,sAs layers grown on (lOO)-InP substrates by 
molecular beam epitaxy was observed by transmission electron microscopy. A preliminary analysis 
of the network of misfit dislocations at the interface in layers with a thickness of 0.5 ,um and xl0 
between 54% and 63% led to a further study of the onset of stress relaxation for layers with 
composition xb=60% and thickness ranging from 5 to 25 nm. A critical thickness was found for 
plastic relaxation at 20 nm<t,<25 nm. Following a model of excess stress, a mechanism for the 
nucleation of dislocations according to the sequence 90”partia1+60”perfectlt30”partial is 
proposed.@ 1995 American Institute of Physics. 
I. INTRODUCTION II. RESULTS AND DISCUSSION 
The determination of the onset of plastic relaxation of 
strained layers in mismatched systems is important in dem- 
onstrating the reliability of .the devices based on these het- 
erostructures. Most transmission electron microscopy studies 
on this subject refer mainly to systems such as 
Ge,Si, i,/Si,‘-3 GaAs/Si,4-6 and In,Ga, -xAs/GaAs,7-9 
whereas research on In,Ga, -,As/In,A& -,As/InP is 
scarce.lo*ll The main aim of our research was to study the 
growth of these heterostructures for application in high elec- 
tron mobility transistors (HEMT).12 Hence, following a de- 
tailed study of the optimization of the growth of the 
Ino~sZAlo~8As buffer layer,‘* this article describes the charac- 
terization of strained In,Ga, -,As layers, constituting the ac- 
tive well for carrier confinement in HEMT devices. It was 
not our purpose to perform a complete transmission electron 
microscopy (.TEM) analysis of the critical thickness values 
(t,) according to the initial mismatch, since on the one hand 
the wide range of In compositions (x,) and epilayer thick- 
nesses (t) and on the other the amount of work involved 
(both thin foil preparation and observation) make TEM un- 
suitable. Other techniques such as double crystal x-ray 
diffraction13 allow faster determination of t, in much wider 
domains of xIn and t. However, TEM is the only technique 
that reveals the nature of the defect, and is hence an essential 
tool for the observation of the initial steps of the relaxation 
process. 
Here, we present the results of a study of the stress re- 
laxation mechanisms in I~I,,~~G~,,~As layers. We show that, 
according to the excess-stress model of Dodson et aLI the 
strain relaxation starts by the nucleation of 90” Shockley 
partial dislocations, followed by perfect ones 60” in charac- 
ter, and finally the 30” partials, giving rise to a mixed con- 
figuration (stacking faults and misfit dislocation network) in 
the first steps of the relaxation and evolving fast to a perfect 
network of dislocations at the interface as layer thickness 
increases. 
3Also with: Serveis Cientifico-Tkxics, Lluis Sol6 i Sabark l-3,08028 Bar- 
celona, Spain. 
Initially, four In,Gat -,As layers with the same thickness 
(t= 0.5 ,um) but different In molar fractions ranging from 
54.1% to 62.5%, were grown on (100) InP, with a corre- 
sponding initial lattice mismatch (f) between 9X 10e4 and 
6.5~ 10e3 (see Table I). The growth temperature was fixed at 
5 15 “C. For samples AL954 and AL955 no evidence of strain 
relaxation was observed. In contrast, in both AL957 and 
AL958 a network of misfit dislocation was observed at the 
layer/substrate interface, increasing in density for higher lat- 
tice mismatch. The evolution of dislocation density as xrn 
rises is illustrated in Fig. 1. The dislocations lines lie parallel 
to [Oil] and [Oli] directions. Since the images were ob- 
tained in bright field two beam conditions with the operating 
reflections g=(O22) and g=(O40) of the (100) zone taxis 
and extinction of the dislocation contrast was not obtained 
for any of these reflections, we can thus conclude that the 
dislocations are 60” in nature, with Burger vector b =a/2 
(011). A clear anisotropy in the distribution of dislocation 
along the directions [Ol l] and [Ol l] is also remarkable. Such 
anisotropy has been extensively reported in several III-V sys- 
tems and has been related to differences in Peierls friction 
barriers between the {lil}-[011] and {ill}-[Oli] gliding 
systems.” Finally, it should be emphasized that a complex 
defect configuration was observed in some regions (Fig. 2). 
A dislocation line at the interface often turned into a thread- 
ing segment propagating towards the layer surface (labeled 
TD on Fig.~2), or it was pinned by a stacking fault (labeled 
SF). Finally, some extended dislocation loops gliding on the 
(111) planes were also present (labeled DL). 
Taking into account the layer/substrate mismatch, if the 
layers were completely relaxed the dislocation should appear 
at an average distance, p, of 470 A for sample AL957 and 
320 A for AL958 (mismatch f =0.45% and f =0.65%, re- 
spectively). However, the experimental measurements show 
higher values of p: 6200 and 2500 A. Assuming that all the 
dislocations contribute to the stress relaxation, we can con- 
clude that the layers have a remaining strain of 9 1% and 
88%, respectively. Nevertheless, Dixon et aZ.l6 have shown 
that some dislocation configurations [like that arrowed on 
Fig. l(c)] may correspond to dislocation dipoles with oppo- 
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TABLE I. Characteristics of the In,Ga, -,As layers: x1,, is the molar fraction 
of In, f is the intrinsic lattice mismatch defined as (ar,,onAs-ar~&u,,) and p 
the experimental averaged distance between misfit dislocations at the inter- 
face. 
Sample 
AL954 
AL955 
AL.957 
AL958 
XIII (56) 
54.1 
54.6 
59.6 
625 
f (%I 
0.09 
0.11 
0.45 
0.65 
p (4 
. . . 
. . . 
620 
250 
site Burger vectors, whose contribution to stress removal 
would annihilate, and then it is still possible for the layers to 
retain a higher remaining strain than the values indicated. 
Having established that the relaxation process starts at a 
certain thickness below 0.5 pm in layers with In composition 
of 0.60, we grew a second group of samples with fixed com- 
position x,=60% and thicknesses ranging from 5 to 25 nm 
in steps of 5 nm. In this case, however, the InGaAs was 
grown on an In0,S,A10,4sAs buffer so as to avoid additional 
contributions to the layer stress, such as the strain induced by 
the presence of an InAs interfacial layer on the InP formed 
during the thermal cleaning of the substrate due to the P-As 
exchange.17 No evidence of strain relaxation for InGaAs 
thickness up to 20 nm was observed for these layers. In 
contrast, the relaxation process has started for the 25 nm 
layer, for which the TEM images reveal the morphology of 
the layer at the onset of the relaxation (Fig. 3; operating 
reflection g=O22). We observe the presence of 60” disloca- 
tions irregularly distributed on the layer surface, coexisting 
with stacking faults (SF on the micrographs) and threading 
dislocations (TD). During the observation, a local increment 
in the foil temperature caused by focusing the electron beam 
induced the activation of the dislocation motion, which an- 
nihilated the stacking faults and favored further propagation 
of the resulting threading segments as 60” perfect disloca- 
tions. This process can be followed by observing the frozen 
configurations (numbered l-4) in Fig. 3. 
Let us now discuss the origin of such a complex con- 
figuration. We can suppose that perfect 60” dislocations 
nucleate first, and then dissociate into two Shockley partials 
according to the reaction: 
FIG. 1. Plan view images of the Ln,Ga, -,As layers on the (100) zone axis. 
The arrows show the reflection used to perform the bright field strong two- 
beam conditions, (a) x,=54%. The layer remains totally strained judging 
from the total absence of defects in the layer; (b) x,.=59.6%, we observe an 
orthogonal array of perfect 60” misfit dislocations lying along the (011) 
directions; (c) x1,=62.5%. the dens&v of misfit dislocations has increased. 
This dissociation is energetically, favored, taking into account 
the dependence of the related energy on b2: 
En both (b) and (c) a clear asymmetry bf dislocations distribution along [Oil] 
and [0 1 i] is remarkable. 
Gb2 sin* 13 + Gb2 cos’ 19 
E= 4a( 1 - ZJ) 4rr IO 
1,;, (1) 
where b is the Burger vector module of the dislocation and @ 
is’the angle it forms with the growth surface. Following the 
model of Ma& et a1.18 the dissociation of a 60” dislocation 
in a tensile stress field gives rise to a 90” leading partial, 
immediately followed by the trailing 30” partial. Since the 
dislocation line lies along the direction of the stress for the 
90” partial, the force acting on the leading partial is stronger, 
and they remain dissociated leaving a stacking fault between 
them. Conversely, in a compressive stress field (which is our 
case), the leading partial is of 30” nature and the trailing one 
is the 90” partial. Consequently, when the 30” partial ap- 
pears, the 90” partial follows immediately and since it propa- 
gates faster it traps the leading partial and annihilates the 
stacking fault. However, this mechanism contradicts our ex- 
perimental results. We conclude then that the partial disloca- 
tions (and hence the stacking faults) do not arise from disso- 
ciation of perfect dislocations, but rather that they must 
nucleate independently. Let us now assume that the partial 
dislocations nucleate first. The separation between the 30” 
and 90” partiak leads to the formation of a stacking fault 
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ated with the dislocation line itself, and the contribution of 
the stacking fault energy if the dislocations concerned are 
partial: 
FIG. 2. Bright field g = 022 image of the In,,ssGacs7As layer. Among the 
misfit dislocation network, we can remark the presence of threading seg- 
ments propagating up to the top of the layer (‘ID), misfit dislocations pinned 
at stacking faults (SF) and dislocation loops on { 111) planes (DL). 
with an energy ySF. This contribution should be taken into 
account in order to determine whether the energy balance in 
the system allows the nucleation of the partials. Recently, 
Lee et al. l9 analyzed the probability of nucleation for Lomer, 
60” and partial dislocations in the GaAs/Si system, as a func- 
tion of AgIbE (where E is the strain in the layer). They 
showed that although the Lomer (90” pure edge) is the most 
effective for strain relaxation, the most frequent dislocations 
are those whose nucleation barrier is lower (in this case, the 
90” partial), due to kinetic limitations in the molecular beam 
epitaxy (MBE) process. Hull et aZ.*’ have also reported that 
in the compressive system Ge,Si, -x on (011) Si substrates, 
the critical thickness for the nucleation of the 90” partial with 
b =a/6 (112) is lower than the critical thickness for the 60’ 
dislocations. However, these authors also remark that the op- 
posite occurs in the case of growth on exact (lOO)-Si sub- 
strates. According to the model of Dodson and Tsao, the 
excess stress a,, (which is the driving force for the nucle- 
ation and motion of dislocations) is determined by a balance 
between the stress due to the elastic strain, the stress associ- 
FIG. 3. Bright field g=O22 image along the (100) orientation of a 
Ine~aGaa4aAs layer 25 run thick. Weobserve an irregular distribution of 
misfit dislocations segments at the interface frequently limited by threading 
segments (TD) or stacking faults (SF). The numbers show different arrange- 
ment of the defects according to the nucleation of dislocations in the order 
90°(partial t SF)-60”-30” (recombination with 90” and annihilation of SFJ. 
(1+-v) pb cos +(l-vcos’ 0) -- ~j-ex=2P~Se (I_ v) 4rrt(l-v) 
where Se is the Smith factor of the dislocation, E is the layer 
strain, t the layer thickness, a a parameter related to the 
dislocation core, and y the stacking fault energy. If we cal- 
culate this excess stress takinglg a as 2 and the elastic 
moduli ,u (shear stress) and v (Poisson ratio) for a composi- 
tion x,=60% by linear interpolation between the InAs and 
GaAs values,21 and assuming E== f, then a dislocation of 60” 
would see an excess stress of 1.8X lo8 dyn/cm” whereas a 
90” partial would see an stress of 1.3X 10’ dyn/cm’, without 
taking into account ysp in the latter case. Kim et aZ.” have 
reported that the additional energy of the stacking fault com- 
ing from the partial nucleation is far lower than the energy of 
the 90” or 60” dislocations. 
These results suggest that at the onset of strain relaxation 
and for relatively small layer thickness, it is possible for the 
90” partial dislocation to nucleate and propagate, leaving a 
stacking fault behind, since its associated energy is still 
Iow.“,~~ As t increases, the excess stress for the 60” disloca- 
tion rises and the excess stress for the 90” partial falls due to 
the contribution of YsF . However, the limit for the nucleation 
of a 30” partial is still not reached. This situation would give 
rise to a configuration like that observed in Fig. 3, i.e., co- 
existence of 60” and 90” partial dislocations. For higher t, 
the contribution of the term YsF rises, and then the systems 
tends, to annihilate the stacking fault by the nucleation of the 
30” partial. This is only possible if t is high enough or if the 
energy is locally increased (as it is if we converge the elec- 
tron beam on the foil surface). Then the stacking fault disap- 
pears by the recombination 30”+90”, giving rise to a 60” 
segment which may glide on the { 111) planes leading to new 
dislocation lines at the interface. Then, as layer thickness 
increases, the density of 60” dislocations may be higher and 
the pSF may decrease, leading to a contiguration like that of 
Fig. l(c). ln order to test this proposed mechanism, we can 
calculate the expected critical thickness t, for all the dislo- 
cations from Eq. (2) at the limit rex=O. Assuming a value 
ysF=25 m.I/m19,23 the results are tzoo = 210 A, tzoo 
= 228 A and t3’” = 234 A. Consequently, the order of 
dislocation nucleition should be 90”-60”-30”. The main 
point to remark is the perfect correspondence of the ti values 
with the results of the TEM observation 20 nm<t,<25 nm, 
showing good agreement with the model of Dodson and 
Tsao.‘3,22 Nevertheless, we must also point out that the ti 
values are close to each other and depend strongly on the YsF 
considered. Hence, once the first t, has been overcome the 
system should evolve fast, developing a network of perfect 
60” misfit dislocations at the interface, like that shown in 
Fig. 1. 
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III. CONCLUSIONS 
In summary, we have determined by TEM observations 
that the critical thickness for plastic relaxation of compres- 
sive Incs0G~,40As is 20 rmr<t,<25 nm, in good agreement 
with the model of excess stress of Dodson and Tsao.13,22 The 
25 nm layers at the initial steps of stress relaxation present a 
complex-morphology, showing an irregular distribution of 
60” dislocations (misfit lines at the interface and threading 
segments) and also partial dislocations bordering stacking 
faults. We have proposed a mechanism for strain relaxation 
by initial nucleation of 90” partials and the formation of a 
stacking fault, considering its energy low at the onset of 
relaxation. The nucleation of a perfect 60” dislocation fol- 
lows, and as the layer thickness increases, the limit for the 
nucleation of the 30” partial is overcome. Thus, the stacking 
faults are eliminated by recombination and threading seg- 
ments originate, which in turn Iead to new 60” dislocations at 
the interface by gliding on the { 111) planes. Finally we can 
conclude that the mechanism of stress relaxation in these 
compressive layers seems to be governed by the energy bar- 
riers for dislocation nucleation. 
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